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ABSTRACT

This paper discusses the Radium Institute's experience in the synthesis of crystalline
ceramics based on two groups of actinide host-phases:
1) Zircon/zirconia - (Zr,Ac)SiO4/(Zr,Ac)C>2, where Ac = Pu,Np,Am,Cm;
2) Garnet/perovskite - (Y,Gd,Ac)3(Al,Ga,Ac,..)5Oi2/(Y,Gd,Ac)(Al,Ga)O3.
The zircon/zirconia ceramic was suggested as an universal waste form for the
immobilization of TRU as well as weapon-grade Pu. Because the position of the
Russian Ministry of Atomic Energy (Minatom) does not consider weapons Pu as a
"waste", the Radium Institute proposed the use of the same ceramic (mainly mono-
phase zirconia) as a Pu-fuel. The garnet/perovskite ceramic was suggested for the
immobilization of military TRU wastes of complex chemical composition. The
advantage of this ceramic is that Garnet and Perovskite host-phases can incorporate in
their lattices not only actinides, but also other elements including neutron absorbers in
a broad range of concentration and in different valence state.
Samples of zircon/zirconia ceramic were prepared by hot uniaxial pressing (at
temperature T=1300, 1400, 1500°C and pressure P=25 MPa) and sintering (at T=
1450,1490,1500,1600°C) methods using different types of initial precursor. Samples
of garnet/perovskite ceramic were synthesized by melting method at T=2000°C.
Ce,U,Gd were used as TRU simulants for both types of ceramic. One sample of
zircon/zirconia ceramic was doped with 10wt.% of Pu239.
Physico-chemical features of these ceramics are described. In conclusion we propose
that the pressureless technology based on sintering or melting methods be used for the
synthesis of ceramics for the immobilization of all types of TRU wastes.

INTRODUCTION

The V.G.Khlopin Radium Institute is the first Russian scientific establishment to
begin investigations of radioactivity phenomena since 1922. For a long time Institute
has been carrying out investigations on radioactive waste management which are
based on the Russian technology of high-level wastes (HLW) partitioning [1-3]. This
technology allows the retention vitrification as a method for handling the Cs-Sr
fraction of HLW and creates the conditions for more efficacious immobilization of
actinide (TRU) fraction using durable ceramics. There are also actinide-containing
wastes of complex chemical composition which were formed as a result of nuclear
weapons production in Russia and USA. Despite these wastes can not be converted
directly into ceramics the crystalline form is favorable for their immobilization too.
Since 1990, the Radium Institute has investigated different types of crystalline host-
phases for immobilization of TRU and other long-lived radionuclides, using
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vitrification technology only for the treatment of Cs-Sr fraction of high-level
radioactive wastes (HLW) (Fig.l).

SPENT FUEL

REPROCESSING

crystalline ceramic

DISPOSAL IN DEEP GEOLOGICAL
FORMATIONS

Fig.l Simplified version of the V.G.Khlopin Radium Institute's approach to the
immobilization of HLW.

When we discovered and studied high-uranium zircon (Zr,U)SiO4 in Chernobyl "lava"
[6] , zircon was selected as a prospective host-phase. Zircon can incorporate
significant amounts of Pu and Np (perhaps, other actinides) in its lattice [7,8]. Later,
additional theoretical and experimental investigations confirmed zircon as one of the
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most durable host-phase for actinide immobilization, in particular, weapons-grade Pu
[9,11-13,15,16,20]. Moreover, it was found that amorphous zirconium hydrosilicate
(AZHS) used as precursor for zircon synthesis by the sol-gel method is also
chemically durable and has a stable natural analog "gel-zircon" [17,18]. Therefore, in
some cases, interim stabilization of TRU wastes can be achieved already at the stage
of precursor preparation. Another actinide host-phase, zirconia, ZrC>2, was selected by
the Radium Institute on the basis of published data [4,5] for the following reasons: a)
the zirconia structure allows incorporation of actinides of different valence state; b)
zirconia can be used for multiphase ceramic in combination with zircon [8,13,15,16]
and aluminates [10] or as a mono-phase zirconia ceramic [4,5,8,9,13,14] depending
on the aim of the ceramic application ; c) cubic zirconia can be stabilized by Pu
doping and it may be used not only for TRU ceramic waste form, but also for ceramic
nuclear fuel [4,13,14]; zircaloy cladding from reprocessed spent fuel is a large source
of Zr for zirconia ceramic synthesis. The third type of crystalline ceramic under
consideration at the Radium Institute is based on garnet/perovskite
(Y,Gd,..)3(Al,Ga,..)5Oi2/(Y,Gd,..)(Al,Ga)O3 system [21,22]. These ceramic host-
phases would be useful for immobilization of actinide-containing wastes of complex
chemical composition. These wastes may contain (in wt.%): Pu - 30-88, U - 20; Am -
5, Th - 5, and also Al, Ca, C, Cr, Ga, Cl, Fe, K, Na, Ni, Si, Sr, Ta, W, Zn in different
proportions [22]. The combination of garnet and perovskite incorporates into their
structures approximately all of the multivalent actinides and nearly all of the non-
radioactive elements, thus avoiding the formation of separate actinide phases. An
additional attractive feature of garnet/perovskite ceramic is that it can be synthesized
by melting instead of hot pressing.
A summarized scheme of the Radium Institute's activity in the field of TRU waste
immobilization is shown in Fig.2. There are three types of crystalline ceramic under
consideration for three main sources of TRU - 1) TRU + (rare earths and Zr) fraction
after partitioning of HLW from reprocessing; 2) actinide-containing wastes from
nuclear weapons production; 3) weapons-grade Pu. It is necessary to note that at
present Russian Ministry of Atomic Energy (Minatom) does not consider weapons-
grade Pu as a "waste" and requires its immobilization as a nuclear fuel. Although,
Russia and the US have different goals for excess weapons Pu (fuel burning and
disposal as a waste), zirconia is a promising candidate for both application.
This paper discusses some results obtained from the synthesis and characterization of
two ceramics: zircon/zirconia and garnet/perovskite. To optimise future synthesis
technology, we concentrated our attention on pressureless methods: sintering and
melting. For comparison, some samples of zircon/zirconia ceramic were made by hot
pressing method.

EXPERIMENTAL

The main problem of synthesis of actinide-doped crystalline ceramic is providing total
actinide incorporation into the crystalline structure of host-phases. If melting is used
as a synthesis method, actinide incorporation generally does not depend on
homogeneity, particle size and other features of the initial precursor. This allowed us
to use just ball milled mixture of commercial powders: Y2O3, Gd2O3, CeO2, UO2,
Ga2O3, AI2O3 etc. for the garnet/perovskite ceramic synthesis by melting in the flame
of a hydrogen burner at temperature 1900-2000° C in air. Adding to this precursor 10
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wt.% of military waste simulant substituting partly for Y and Gd oxides, decreased
melting temperature to 1300°C [22].
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Fig.2 General schedule of ceramic application for the immobilization of TRU wastes.

Avoiding unreacted actinide phases in the synthesis of zircon/zirconia ceramic by
sintering method was more difficult. In our experiments we tried to overcome this
problem using the following types of precursors:
• amorphous zirconium hydrosilicate (AZHS) doped with 10 wt.% of Me = Pu, U,

Ce, Gd. AZHS is obtained through the sol-gel method [18,20] which provides
complete homogeneity of the precursor on the molecular scale. In all cases the
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composition of solid gel (Fig.3) is characterized by excess zirconia with a final
stoichiometry of zircon (Zr,Me)SiO4, 80-95 wt.% and zirconia (Zr,Me)O2, 5-20
wt.%;

gg a mixture of commercial powders: Zrmetai, SiO2amorph» U3O8. Zr metal powder is was
chosen for its higher chemical reactivity in comparison with ZrO2 [7,8,13,16];

gg a mixture of commercial powder SiO2amorph and excess Ce-doped zirconia made as
a results of plasma calcination of co-precipitated Ce-Zr oxalates [19].

The Ce-doped AZHS precursor was hot pressed in the graphite die in air at pressure
P=25 MPa and temperatures T=1300, 1400, 1500° C for 1 hour. All precursors were
cold pressed and sintered in air at the following conditions :
- Ce-doped AZHS : T=1300,1400,1450,1500,1600°C, t=l hour;
- Gd-doped AZHS : T=1400,1500,1600°C, t=l hour;
- U-doped AZHS: T=1400,1500°C, t=l hour;
- Pu-doped AZHS: T=1490-1500°C, t=1.5 hour and 3hours 15 minutes in special
furnace located in glove-box (Fig.4);
- precursor based on Zrmetai: T=1500°C, t=l hour;
- precursor based on plasma calcined Ce-Zr oxalates (with 10 wt.% Ce contents): T=
1600-1620°C,t=lhour.
All samples were studied by XRD and ESEM methods, some samples of
zircon/zirconia ceramic were also examined by HRTEM.

RESULTS AND BRIEF DISCUSSION

Zircon/zirconia ceramic

Monolithic ceramic samples were obtained from all precursors except that based on
Zrmetai powder. Therefore, although the precursor based on Zrmetai was successfully
used for the synthesis of Ce-doped zircon/zirconia ceramic by hot uniaxial pressing
[16] its use for the ceramic synthesis under sintering method requires additional study
and improvement.
For the precursor based on Ce-doped AZHS, we found that zircon formation begins at
T=1300°C under hot pressing and at T=1400°C under sintering. An interval from
1500 to 1600°C is the optimal for complete yield of zircon and zirconia host-phases
synthesized by both methods. However, the highest Ce incorporation in zircon, which
correlates with increase of zircon cell parameters, was observed in the interval 1400-
1500°C for the sintered samples. In all cases the density of the ceramic was less than
pure zircon (4.7 g/cm3), higher for hot pressed samples (3.9-4.4 g/cm3) in comparison
with sintered (3.7-3.9 g/cm3).
Complete yield of zircon and zirconia was not achieved for the ceramic obtained from
Gd-doped AZHS sintered over one hour at 1400,1500,1600°C. Approximately 10-12
wt.% unreacted silica in the form of quartz and crystobalite was identified in all
samples. No separate Gd-phases were found in the ceramic matrix.
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a)

Fig.3 Solidified U-doped gel for the synthesis of zircon/zirconia ceramic. Gel is
transparent and homogeneous, there are no inclusions or sediments in its matrix.
Removed from plastic battle (b) gel preserves its initial form.
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a)

Fig.4 High temperature (1500°C) furnace for the synthesis of Pu-doped ceramic
through sintering method: a) general view, b) furnace is open and 7 pellets of Pu-
doped zircon/zirconia ceramic could be seen on the Pt-foil support.
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Sintering of U-doped AZHS precursor at 1400 and 1500°C for one hour , also did not
provide complete yield of zircon/zirconia phases. U incorporation in zircon was low
based on the insignificant increase of zircon cell parameters. Separate U-oxide phases
(1-3 wt.%) were found in the ceramic matrix. This is attributed to the oxidation of U4"1"
toU*.
Therefore, results obtained from the ceramic synthesis using Ce,U,Gd-doped AZHS
precursors showed that Ce,U and Gd as TRU simulants behave quite differently.
Accurate EMPA was difficult due to the size of individual single phase (less 2 um).
However, the zirconia phase generally incorporated higher dopant amounts than
zircon. Individual zircon grains were inhomogeneous with respect to dopant
distribution. Non-uniform distribution of U isomorphous admixture is typical for
crystals of high-uranium zircon from Chernobyl "lava", even though they were formed
in silicate melt: U contents varied from 1-3 wt.% in the central parts of the zircon
crystals to 10-12 wt.% in the periphery and in some individual zones [6].
Taking into account the results obtained from the ceramic synthesis using Ce,U,Gd-
doped precursor, we decided to increase the sintering time for the Pu-doped AZHS
experiment. It was found that sintering at 1490-1500°C for 1.5 hour did not achieve
complete yield of zircon/zirconia host-phases. The ceramic had the following phases
(in wt.%): unreacted silica,crystobalite, (5-8); zircon (75), tetragonal zirconia (10);
monoclinic zirconia (1-2); unidentified cubic phase, possibly (Zro.sPuo^Ch (10). After
sintering at the same temperature for 3 hours 15 minutes the silica phase disappeared
and the yield of other phases was (in wt.%): zircon (80), tetragonal zirconia (15),
monoclinic zirconia (1-3) and (Zro.sPuo.5)02 (about 1-3). Longer sintering caused an
unexpected increase in zircon cell parameters from (a = 6.609, c = 5.984) to (a =
6.615, c = 5.990). This indicates increasing Pu incorporation in the zircon lattice.
Longer sintering times increased the ceramic density from 3.3 to 3.7 g/cm3. Small
grain size (less 2 um) of single phases in Pu-doped samples, made EPMA difficult.
However, Pu (in metal estimation) from 12.1 to 15.0 wt.% was measured in some
aggregates of zirconia.

A ceramic with 40-45 wt.% zircon and about 55-60 wt.% zirconia with a density 4.3
g/cm3 was obtained as a result of sintering (at T=1600-1620°C, 1 hour) a precursor
based on mixture of SiO2amoiph snd plasma calcined Ce-Zr oxalates (Fig.5a ). The Ce
admixture was distributed differently between two host-phases: zirconia contain 6-8
and zircon 3.5-4.5 wt.%.

Garnet/perovskite ceramic

Although different garnets YsAlsO^-YsGasOn-GdsAlsOn-GdsGasOn (YAG-YGG-
GAG-GGG) can form unlimited solid solutions with each other , it was found, that
they have different lattice capacity with respect to incorporation of Ce, U and other
elements. For example, in our experiments the highest Ce contents achieved for the
YAG was approximately 0.5 wt.% compared to 5-6 wt.% for GGG. The precursor of
YAG stoichiometry doped with 10 wt.% Ce substituting for Y, melts after 0.5-1.5
minutes in the flame of a hydrogen burner and transforms into garnet/perovskite
ceramic (Fig.5b). The precursor of GAG stoichiometry doped with 10 wt.% U
substituting for Gd, under the same conditions transforms into a perovskite
(Gd,U)A103 ceramic. In both cases perovskite incorporates higher amounts of
admixtures than garnet (in wt.%): Ce (11-26) and U (about 7). Also, we found that
some admixtures such as Sn,Ca,Cr in the initial precursor increased incorporation of
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actinides into the garnet lattice. Admixture of several wt.% Sn in the precursor
provides successful synthesis of U-doped GGG containing 4.0-5.5 wt.% U. Melting of
the same precursor but "Sn-free" gives us just "U-free" GGG with inclusions of U-
oxide separated phase. The garnet phase obtained from the precursor of YAG-GGG
(ratio 1:1) stoichiometry doped with 10 wt.% of Pu-residue simulant [22] has non-
uniform admixture distribution in its matrix. U is found only in (Ce,Cr)-rich areas but
not in Ce-rich zones. This indicates that U is incorporated into Al-Ga structural
positions while Ce substitutes at the Y-Gd positions.

b)

Fig.5 Backscattered electron SEM images of crystalline ceramics doped with Ce:
a) zircon/zirconia ceramic obtained from the precursor based on plasma-calcined
Zr-Ce oxalates, dark phase - zircon (Zr,Ce)SiO4, light one - zirconia (Zr,Ce)C>2;
b) gamet/perovskite ceramic obtained by melting in the flame of hydrogen burner,
dark phase - garnet (Y,Ce)3Al50i2, light one - perovskite (Y,Ce)A103.

CONCLUSIONS

The following conclusions can be drawn from these results:
1. Zircon/zirconia ceramic doped with TRU can be synthesized by sintering method

(at the interval T=1490-1620°C, in air) using different precursors while avoiding
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formation of separated TRU phases. Additional study of synthesis conditions is
required to provide higher density of final ceramic.

2. Zirconia, in comparison with zircon, incorporates higher amount of single Ce,Gd,U
or Pu admixtures, but total incorporation of multivalent actinides and rare-earths in
these host-phases can be accompanied by redistribution of tetravalent elements in
zircon and trivalent elements in zirconia lattices. Zircon which has the most
durable and well studied natural analogue can not be ignored as host-phase for Pu
andNp.

3. Synthesis of garnet/perovskite (aluminate-gallate) ceramic through melting
provides joint incorporation of multivalent actinides and other elements of different
valence state into the lattices of garnet and perovskite host-phases. The yield of
each host-phase as well as their lattice capacity depends on the waste composition
and waste amount added in the initial precursor. Complete incorporation of TRU
elements in the gamet/perovskite lattices avoiding formation of separate actinide
phases can be achieved by varying of the Al/Ga ratio in initial precursor and using
some admixtures such as Sn,Ca,Cr.
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